Ultraviolet and infrared femtosecond laser induced periodic surface structures on thin polymer films Appl. Phys. Lett. 100, 041106 (2012) Observation of stacking faults from basal plane dislocations in highly doped 4H-SiC epilayers Appl. Phys. Lett. 100, 042102 (2012) Effects of electron-phonon coupling and electron diffusion on ripples growth on ultrafast-laser-irradiated metals J. Appl. Phys. 111, 024902 (2012) Laser direct growth of graphene on silicon substrate Appl. Phys. Lett. 100, 023110 (2012) Synthesis of submicron metastable phase of silicon using femtosecond laser-driven shock wave J. Appl. Phys. 110, 126103 (2011) Additional information on J. Appl. Phys. This work studies the reversible, structural changes of undoped hydrogenated amorphous silicon films under prolonged illumination and thermal annealing. Experimental results from infrared spectroscopy showed that the strength of the stretch modes of SiH and SiH 2 decrease more slowly in the initial stage and then more rapidly at about 10 18 em --3 spin density during prolonged illumination periods. On the other hand, the strength can be restored to its original value after a certain period of thermal annealing at 250 ec. These results are correlated with those obtained from electron paramagnetic resonance and photoconductivity measurements, in which the rate equations were analyzed to reveal the origin of recombinations responsible for the weak 8i-Si bond breaking, An explanation is proposed in this study to illustrate the lightinduced bond breaking and its repair.
I. INTRODUCTION
In 1977, Staebler and Wronski discovered reversible, light-induced degradation in the dark-conductivity and photoconductivity of hydrogenated amorphous silicon I (0-Si:H). They found that both dark-conductivity and photoconductivity decay under light exposure and can be restored to their original state by thermal annealing at 150°C for a period of time, Since then a large number of investigations have been done induding dark-(photo-) conductivity,2 photoluminescence, 3 electron paramagnetic resonance, 4 gap-state density, 5 optical absorption, 6 and solar cell performance. 7 Recently, we reported on the changes of Si-H bonds from Fourier transform infrared spectroscopy, 8 Reversible, light-induced degradation in a-Si:H is unique, Since the first observation by Staebler and Wronski, a number of studies 9 -1 ! concluded that the creation of additional dangling bonds in a-Si:H under prolonged illumination is responsible for the degradation of the materia1. A bond breaking mode1 2 has been proposed in which weak bonds exist in the irregular structure of a-Si:H. When electron-hole pairs recombine after the illumination, the energy released can break the weak bonds and form the so-caned dangling bonds, which then produce many trap centers in the band gap. These trap centers will further increase the recombination rate of electron-hole pairs, and cause the reduction of photoconductivity, Thermal annealing will repair those broken bonds and return them to their initial states.
For a detailed understanding of the physical nature of degradation and thermal recovery, we have performed a systematic and quantitative study on the changes of material structures, especially by Fourier transform infrared (FTIR) spectroscopy and electron paramagnetic resonance (EPR) measurements. Their results will be correlated with those obtained from the conductivity measurements. And the influence ofthe following parameters has been studied: illumination time, light intensity, annealing time, and temperature. The discussion will be divided into two parts. In the first part, we will discuss the observation of the reversible structural changes during prolonged illumination and thermal annealing, In the second part, the correlation among the changes in bond strength, spin density, and photoconductivity will be summarized, Finally, an explanation consistent with our experimental observations is proposed to illustrate the light-induced bond breaking and thermal recovery in aSi:H films.
It EXPERIMENTS
Undoped a-Si:H films were prepared by rf glow discharge CVD. Corning glass 7059 substrates are used for conductivity measurements. For FTIR and EPR measurements, films are deposited on unpolished high-resistivity (1,5 kn em) silicon wafers. The film thickness for this study was kept invariably at 1,8 {lm. The typical deposition conditions for undoped a-Si:H film in this work were as foHows: substrate temperature, 250°C; pressure, 100 Pa; and rfpower, 30 W, The conductivity was measured by using coplanar electrode geometry. The conductivity measurements were carried out in vacuum (10-7 Torr) and the sample was kept at 25°C using a temperature controller. 100-V de voltage was applied between the electrodes and current was measured with a HP 4140B picoameter.
For elongated illumination, a 300W ELH lamp was used as the light source, and the light intensity was calibrated by a Spectrolab 83-160 standard solar ceH, and the sample temperature was kept below 60°C, For the thermal annealing experiments, the sample was heated in vacuum.
The FTIR absorption was measured at room temperature by a Bomen DA3-oo2 Fourier Transform Infrared Spectrophotometer, which can provide a resolution of 0.004 em --I and reproducibility better than 0.1 % in the transmission spectra. In order to investigate the light soaking effect, the IR beam was focused on the same spot of the sample. A high-speed (lSD-kHz) vector processor and a DEC PDP 11/23 computer were used to achieve accurate control and massIve data processing, Baseline correction was routinely carried out.
The spin densities were determined from Bruker 200 DSRC EPR measurements at room temperature in which a microwave frequency counter (model 371) and a nuclear magnetic resonance (NMR) Gaussmeter were equipped. The g value was determined from the measured microwave frequency and magnetic field strength.
Ill. RESULTS AND DISCUSSION
A. The observation of the structural changes at different illumination levels It is generally known l2 .!3 that the films obtained from silane glow discharge have different infrared spectra which depend on the deposition parameters such as plasma power and substrate temperature. The completeness of silane decomposition was shown by the presence of the various bonds including SiH, 8iR 2 , SiR 3 , (SiH 2 ) n , and their mixtures. Figure 1 shows the variation of the FTIR spectra of the stretch modes of SiR (2000 em --l) and SiH 2 (2090 cm -I ) illuminated at lAMl for different durations and after thermal annealing. Similar changes in FTIR spectra have also been observed for illuminations at 4AM 1 and 16AM 1.
Since the strength of each stretch mode can be determined from the integrated absorption of the IR spectra, quantitative information regarding its changes can be obtained. To be more specific, if two Gaussian distributions are adopted to represent the distributions of the stretch modes of SiH and SiH 2 , and the spectra as shown in Fig. 1 can be taken as their superposition, the distributions of the stretch modes of SiH and SiR 2 of the undoped a-Si:H films can then be obtained. An error less than 1 % was estimated for this simulation in this work. Furthermore, the above assumptions are valid mainly due to the fact that (i) the samples produced at high-temperature (above 200 °C) substrates have SiR and SiH 2 with very little SiH 3 (Ref. 14), and (ii) the absorption near 2000 cm --1 and 2090 em --I are widely assigned to the stretch modes of SiR and SiR 2 group. 15 Using this simulation scheme, we can decompose the absorption spectra into the stretch modes of SiH and SiH 2 (Fig. 2) . Figure 3 shows the normalized changes of SiH and SiR 2 stretch modes when they were subjected to light exposure and thermal annealing. It is noted that the degree of change in the strength and its repair indicated by the IR experiments depend on the sample preparation conditions and illumination levels. It is also noted that a sample illuminated at lAM 1 showed a faster recovery than those of 4AMl and 16AMI by the thermal annealing. An explanation is that less bond damage was made at a lower illumination level.
To interpret the changes in the IR spectra resulting from light soaking, we explain that the observed strength change is directly induced by defects created near the vibrating complex (Si-H complex) during light exposure. Since these de- feets will perturb the electronic charge distribution in the Si-H bonds, the force constant of Si-H bonds will then be changed. Thus, it is clearly indicated that structure change does happen during the light soaking, and the changing in the strength of the stretch modes ofSiH and SiH 2 is induced by the light generated defects in the vicinity of the vibrating complex. An important finding that is noted from our work, is that the strength can be restored to its original value after a certain period of thermal annealing at 250 ·C, since it is known that the defect will be annealed out at elevated ternperature. 16 When the created defects disappear after thermal annealing, the electron charge distribution in the Si-H bonds will be rearranged to a form that is very close to the initial distribution. Therefore, the structure changes coincide with those observed from other measurements. [1] [2] [3] [4] [5] [6] [7] B. Correlation among the change in vibrating strength, spin density, and photoconductivity Figure 4 shows the normalized photoconductivity decay at different illumination levels as a function ofillumination time. The initial dark-and photoconductivity are 1.3 X 10-9 and 3.6 X 10-,4 eft cm) '-1, respectively. All three curves show that photoconductivity decay saturates in an exponential way. Since the number of broken bonds increases with the recombination rate, and the later is responsible for the photoconductivity decay, the results shown in Fig. 4 indicate that the rate of dangling bond creation is proportional to the number of the remaining weak bonds, i.e., dN(t)/dt« [Nco -N(t) J where N 00 is the upper limit for the light-induced defect density. When considering the dangling bonds generated by the recombination of photogenerated carriers which directly came from the band-toband transition, the rate equation can be written as
where kd is the rate constant, and n, p are the carrier concen- This relationship is valid when conduction by hopping is negligible. Since our experimental conditions are within these limits, Eq. (1) can be rewritten as
Furthermore, at early stages of the degradation, we assume that N 00 is much larger than N(t), Equation (2) then becomes (3) From Eq. (3), it is indicated that the rate of dangling bonds creation (which came from band-to-band transition) is inversely proportional to the square of the dangling bond density at the early stages of the degradation. The unpaired spin withg = 2.0055 is almost universally associated with single neutral dangling bonds, 18 and our experimental data present a value of 2.00546 as shown in Fig. 5 which clearly indicates the appearance of EPR active dangling bonds after prolonged illumination. This means that the above described recombination centers{N) are EPR active single neutral dangling bonds. Figure 6 shows the degradation rate as a function of the inverse of the spi.n density when the spin density is in the range between 1.5 X 10 17 to 1. 7 X 10 18 ern -3, in which 
It is noted that in the low spin-density range ( < 10 18 em -3) the first term on the right-hand side ofEq. (4) is small when compared with the other terms. This result is in good agreement with that obtained from Eq. (2). It is concluded that the dominance of the recombination rate came mainly from band-to-band transition at the early stages of the degradation. However, at high spin-density (> 10 18 cm-'3), the significance of the first term increases. Therefore, the rate equation represented by Eq. (4) can then be divided into two categories. Namely, the second and third terms are mainly associated with dangling bonds generated by band-to-band transition and the first term comes possibly from the creation of dangling bonds through the defect recombination. In other words, the additional dangling bonds could be gen~ erated by band-to-band recombination and defect recombination. Figure 7 summarizes the variation of the strength of the stretch modes ofSiH and SiH z , the spin density, and photoconductivity during prolonged illumination and after thermal annealing.
The results show that the strength of the stretch modes ofSiH and SiH 2 decrease slower in the initial stage and then decay more rapidly at about 10 18 cm --3 spin density during the prolonged illumination periods. An explanation can be provided as follows. The energy released from the recombination of electron-hole pairs will be accumulated to an amount large enough to break the weak Si-Si bonds in the vicinity of the cluster voids. In the beginning ofiHumination, the cluster voids occupied by the SiH and SiH 2 groupl9 are slightly distorted due to a small amount of broken bonds and the strength of the stretch modes of SiH and SiH 2 change only slightly. Until the number of broken bonds increase to a certain value (1.7X10 18 cm-3 spin density) the cluster voids will then he corrupted, which is reflected in the large reduction in the strength of the stretch modes of SiH and SiR2• 
IV. CONCLUSIONS
Light-induced changes in the strength of the stretch modes of SiH and SiH 2 have been confirmed and correlated with the electrical characteristics of a-Si:H films. These reo suIts clearly identify that the light-induced defects are associated with the weak Si-Si bonds breaking and the breaking of the weak Si-Si bonds are responsible for the changes of the strength of the Si-H vibrational modes due to the perturbation of the electronic charge distribution in the Si-H bonds. The bond breaking was also found to be reversible by thermal annealing in this work. Figure 8 shows our model in which the silicon-hydrogen bonds in a-Si:H films exist within the inner surface of cluster voids and the weak Si-Si bonds are almost terminated at the outer surface of the cluster voids. During illumination, the additional dangling bonds are simply the result of the breaking of weak Si-Si bonds, which is generated by the recombination of photogenerated carriers. In this case, the structural changes will occur following the bond breaking. However, after thermal annealing, the broken bonds will be reformed and the electronic charge distribution will be rearranged. Therefore, the structural configuration can be restored to its original state. This proposed model is consistent with experimental observations, and can illustrate the light-induced bond breaking and thermal recovery in a-Si:H films. As a result, the following can be concluded:
( 1) Light-induced degradation in a-Si:H films is the result of breaking weak Si-Si bonds. The additional dangling bonds are generated by band-to-hand recombination and defect recombination. When EPR active dangling bonds are less than about 10 18 cm--3 , the dominance of the recombination rate comes from band-to-band transition. When EPR active dangling bonds are greater than about 10 18 cm '3, the recombination through defect becomes more significant.
(2) The light-induced bond breaking affects its local environment. It causes structural changes due to perturbation of the electronic charge distribution in the vicinity of weak bonds. The structure will be corrupted when spin density is greater than about 10 18 cm,-3, (3) The annealing process can reform the broken bonds through lattice vibration.
